ABSTRACT
Introduction
The structure of material is studied by positron lifetime spectrum, which has many lifetime components depending on a local structure where a positron annihilates with electrons. The problem is how to determine accurately lifetime components of a positron in experiments. It encourages studying deeply the positron annihilation in element-specific structure of materials such as a single atom, a molecule or a unit cell.
In this paper, the study of positron annihilation with valence electrons of a unit structure of a material is assumed that a positron binds with the unit to form a new ground state through these valence electrons before it is destroyed. By this assumption, the orthonormalized Slater type orbital is used to describe electrons and positron wave functions in the irreducible element. Variation Quantum Monte Carlo (VQMC) [1] is then used to find the ground-state wave function for electrons and positron.
When a positron enters the material, it is slowed down to a thermal energy and then bound with atoms in the unit structure before annihilating with valence electrons of the atoms. In this state, the positron wave function is approximated by a hybrid wave function of valence electrons.
The ground state of many-body problem is determined by minimizing the energy of each particle rather than the total energy. The problem of total wave function, Slater determinant representing for exchange effects, is avoided by solving the individual particle equation with the Hamiltonian of exchange potential. One particle energy is derived by one particle equation, which is constructed from the Kohn-Sham method and a single particle wave function. This wave function consists of an atomic wave function and a correlation function. By choosing a trial single wave function, the VQMC method is used to find the ground state of positron-valence electron of a unit element.
In this scenario, the optimized electron and positron distributions in real space of unit structure of material are determined by the minimal energy. From this distribution, 
Theory
To study the positron annihilation in a unit structure of material, the two-component density-functional theory [2] is used with some modification in single particle wave function and exchange-correlation potential. Beside simple atomic wave function, a single-electron wave function also includes the correlation functions of electronelectron and electron-positron. The set of one-particle Schrodinger equations for electrons and positrons is given by
where ϕ i is the atomic wave function for a single electron or positron; ( ) J r is the correlation function of electron-electron or electron-positron. These functions are parameterized functions. The electron and positron densities are calculated by summing over the occupied states (n − and n + are the number of electrons and positrons respectively). 
where β e , α e , A e , F e , β ep , α ep , A ep , and F ep are the variation parameters. These parameters depend on the electronic structure of material. If the exchange-correlation potential is separated into exchange and correlation potentials, then the correlation potential is hidden in the correlation wave function, and the exchange potential for a uniform degenerate electron gas is adapted in the atomic calculation by using local electron density as given by [4] ( )
where ε x is the exchange energy per electron of a uniform electron gas with density ρ.
Now ρ is replaced by a local electron density in an atom. The Equations (1) and (2) are solved with the wave function in Equations (3), (5) and (6) to find the ground state of the unit structure-positron system by VQMC, which minimizes the electron and positron energy to obtain their ground state wave function.
The pair correlation function of electron and positron is built from Monte Carlo simulation in the ground state. The analytical form of pair correlation function is fitted to the Chebyshev polynomial. Then the positron annihilation enhancement is determined by extrapolating the pair correlation function at r = 0, which is the distance between electron and positron.
Positron annihilation rate, which depends on the overlap of electron and positron densities and the enhancement factor, is directly given by the value of the pair-correlation function at the origin via the relation [5, 6] ( ) ( ) ( ) at r = 0 for given electron density, is the enhancement factor. the pair-correlation function is fitted to the Chebyshev polynomial [7] as given by
where L is the maximum interaction range of the electron and the positron, which is used for determining the electron distribution in the space around the positron. This model is applied to study the positron annihilation in the unit cell of titanium dioxide of rutile structure consisting of two titaniums and four oxygens as shown in Figure 1 . The single-particle wave function in TiO 2 is constructed by the Linear Combination of Atomic Orbitals (LCAO) approximation [8] from an atomic wave function of oxygen and titanium.
The single-particle wave functions for the valance electrons of titanium and oxygen atoms in 3d, 4s and 2p are constructed by the LCAO approximation as shown.
,
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, are Slater-type orbitals of atomic wave functions. r -R Ti , r -R O1 , and r -R O2 are distances of ith electron from titanium and from oxygens, respectively.
The single-particle wave function for the positron in the bound state with valance electrons of oxygen and titanium is a hybrid wave function of these electron wave functions. According to the principle of linear superposition, the single-particle wave function for positron is supposed to take the form (1) to (8) , the minimized energy is calculated by VQMC to obtain the ground-state wave function of this system. Assuming that the ground-state wave function is valid for TiO 2 rutile, the properties of electron-positron annihilation in TiO 2 rutile, therefore, are determined.
Results and Discussion
To calculate the ground-state wave function of electrons and a positron in TiO 2 molecule, fourteen sets of energy data corresponding to the variation of fourteen parame-
A ep , and F ep are generated. Each result is calculated by varying one of the parameters, and the other thirteen parameters are kept as constants. The set of optimized parameters, which make the trial wave function well approach to the exact wave function, is determined by minimizing energy of the system. These optimized parameters are given in Table 1 .
The enhancement factor and positron lifetime in a perfect TiO 2 rutile crystal are determined from these parameters. The electron-positron pair correlation distribution in the perfect rutile crystal of TiO 2 is determined by Monte Carlo simulation as shown in Figure 2(a) . The enhancement factor is extrapolated by a pair correlation function which is fitted to the Chebyshev polynomial in Equation (10) . The number of coefficients, N, in Equation (10) 2(c)  and (d) . This enhancement factor can be considered as an effective number of electrons [10] . So the value of the enhancement factor is resonable in compare with the results in the Reference [10] . From Equation (9) Table 2 .
The enhancement factor and positron lifetime in TiO 2 rutile crystal of an oxygen defect, created by removing one oxygen atom from a unit cell of TiO 2 perfect rutile crystal, are also calculated from these parameters, which is assumed that they is still valid for the electron and positron wave functions in the TiO 2 rutile crystal of an oxygen defect. The distribution of electron-positron pair correlation in the TiO 2 of an oxygen defect is obtained from Monte Carlo simulation as shown in Figure 3 ) and ι = (266 ± 3) ps, respectively. This positron lifetime is greater than the value in the perfect crystal of TiO 2 . It shows that this result is suitable to predict the positron lifetime in a monovacancy defect.
The enhancement factor and the positron lifetime in TiO 2 rutile crystal of a titanium defect, created by removing one titanium atom from a unit cell of TiO 2 perfect rutile crystal, are determined similarly. The wave function parameters of electron and positron in the TiO 2 rutile crystal of a titanium defect is still valid, and the distribution of electron-positron pair correlation is obtained from Monte Carlo simulation as shown in Figure  4 (a). The number of coefficients, N, is determined by the 
Conclusions
Base on the principle of linear superposition, the KohnSham approximation, the Slater-type orbital, the modification of Jastrow and the VQMC method, we derived a theoretical model to determine the positron lifetime for some element-specific structure of materials.
In the scenario of purely theoretical calculations, we use real space electron and positron distributions to estimate the value of the positron lifetime in TiO 2 rutile crystal structure. The calculation results show that the lifetime of a positron in the perfect crystal, ι = 170 ps, is shorter than in the oxygen defect crystal, ι = 266 ps, and 
